Abstract：We measured experimentally the properties of fluid dynamics, velocity fields, and the pressure, around stenotic obstruction located inside a circular channel structure. Particle image velocimetry system was employed to obtain velocity fields at the central section of the circular channel in the streamwise direction. The stenosis model used was made of acrylic material with different stenotic aspect ratios. The working fluid was water and it was returned by a centrifugal pump system. Pressure measurements were carried out to validate the effect of a narrow passageway. Results showed that the acceleration of gap flow through stenotic obstruction and the pressure drop in the recirculation regime behind the stenosis model can be observed.
Introduction
Cardiovascular-related diseases of the blood vessels are caused by various pathological factors.
Stenosis, which is the drastic reduction in diameter of blood vessels, is one of these factors. Generally, the stenotic phenomenon has been observed to occur when LDL cholesterol contained in the blood sticks to the blood vessel wall and forms foam cells. The accumulation of sticky materials on a blood vessel wall generates arteriosclerosis.
It is also be one of the main causes of myocardial infarctions and heart failure, cardiovascular diseases with a global extent. From the fluid dynamics point of view, the investigation of the flow variables is very important in such tubular structure and can be helpful in the process of healing a severe cardiovascular disease caused by stenosis.
In the fluid engineering research field, many experiments have been carried out for the measurement of the flow characteristics before and after a bluff body structure contained in a channel.
These results can provide useful information to understand important properties of flow structure with considering the effect of geometry. Recently, more accurate measurements of flow field property are effectively performed by advanced measurement techniques [1] .
To analyse a flow field completely, much more flow variables (velocity, temperature, density and pressure, etc.) are measured simultaneously and the flow field can be easily understood. In particular, for the case of internal flow, the flow field structure can be varied abruptly by the location of obstacle inside the channel [1, 2] . Among these various physical quantities, pressure is known to suddenly drop when the flow passes around the structure [3, 4] .
Numerous numerical and experimental studies have been performed to discover fluid dynamic characteristic of stenotic structures [5] . In particular, numerical analyses [6, 7] have been carried out to discover mechanisms that can avoid experimental limitations. A few experimental studies on the stenosis phenomenon have been performed [8, 9] but the focus was mainly on the effect of pulsatile flow on the stenosis structure.
Therefore, in the present study, we focus on the flow structure around stenotic obstructions in a tubular structure by employing particle image velocimetry (PIV) velocity measurement technique with variations of stenotic aspect ratio (AR) and length. The pressure measurements are implemented by using dynamic pressure sensors placed at different locations before and after the stenotic obstruction. In addition to the experimental investigation on the pressure difference between front and back part of symmetric stenotic structure, we also validated pressure distributions by performing numerical analysis by using a commercial computational fluid dynamic code. where Do = 20 mm). The highly accurate sensor used was the vented type with a range of 0~5 psi. Figure 3 shows the qualitative image of seeded particle with the overlapped mean velocity vector field around the stenotic obstruction structure at the central section of a channel. The laser light sheet illuminates the XR-plane passing through the tube centerline.
Experimental Apparatus and Method

Results and Discussion
In the mean velocity field inside the stenotic structure, the oncoming flow accelerates as it goes In contrast, as the stenotic aspect ratio increases to that of AR = 0.5, the flow speed increases due to decreased gap area. The flow velocity increment causes a relative increase of re-circulation bubble size, which is directly related to the momentum increase of wake at the downstream regime [12, 13] . This is shown in Figures 4 and 5 .
When the stenotic aspect ratio is small, the maximum velocity level is relatively decreased with widely spread low speed flows at the gap regime as shown in Figure 4 . In addition, the streamwise mean velocity component variations are relatively dominant due to momentum decreases than those of larger aspect ratio cases. As the aspect ratio of stenosis increases, however, the maximum gap flow velocity increases and fluctuations decrease with the relative momentum recovery ( Figure 6 ).
The two counter-rotating re-circulation zones behind the trailing edge of stenotic obstruction are observed. However, the entire wake structure behind a stenotic obstruction is relatively similar according to the changes of the stenotic length variations in the ranges between L/Do = 1.75 and 2.0.
It means that the momentum loss difference during passing through the gap region of stenotic channel is relatively slight in the range tested in this study. The re-attachment region is almost same at both cases. Therefore, we can conjecture that the effect of aspect ratio variation on the re-circulation length variation is more significant than that of the stenosis length. 
Conclusion
In the present study, the flow and wake structures around the stenosis located inside a tubular structure were investigated experimentally by using PIV velocity field measurement technique with variations of stenotic aspect ratio and length.
In the near wake regime, we observed a weak recirculation flow structure. In addition, the gap flow momentum increased relative to the increase of stenotic aspect ratio.
When the stenotic obstruction length increased, the size of recirculation length likewise increased.
However, the flow structure inside the gap regime of stenotic structure showed nearly similar flow patterns under these experimental conditions. The results from the pressure measurement in the whole tubular structure support the velocity field distributions and the formations in the recirculation region, especially those measured after the trailing edge of the stenosis.
